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Grouping Frequency Components of Vowels:
When Is a Harmonic Not a Harmonic?

C. J. Darwin and N. S. Sutherland

Laboratory of Experimental Psychology, University of Sussex, Brighton,
Sussex, UK.

When one harmonic of a vowel starts before and stops after the others, its
contribution to the vowel’s phonetic quality is reduced. Two experiments
demonstrate that this reduction cannot be attributed entirely to adaptation.
The first experiment shows that a harmonic that starts at the same time as
a short vowel but continues after the vowel has ended contributes almost as
little to the vowel’s phonetic quality as a harmonic that starts before but stops
at the same time as the vowel. The second experiment shows that the small
contribution to vowel quality of a harmonic that starts before a vowel can
be increased by adding an additional tone that will in turn form a perceptual
group with that part of the harmonic preceding the vowel. The experiments
demonstrate that some perceptual grouping operations are performed before
the first formant of a vowel is estimated from the amplitudes of its
component harmonics.

GENERAL INTRODUCTION

We normally listen to speech against a background of other sounds. Yet
almost all experiments on speech perception investigate how we perceive
speech when it is the only sound present. Such experiments have given us
considerable knowledge about how linguistic categories are perceived from
the speech of a single speaker, but they have led to perceptual models
whose performance would not degrade gracefully in the presence of other
sounds. For example, Klatt’s (1980a) laudably explicit model of
acoustic-phonetic analysis and lexical access matches the incoming sound
against a set of static spectral templates. The model implicitly assumes that
all the input sound is relevant. Consequently, the template that would be
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the best match to an isolated speech sound would not necessarily be the
best when other sounds are present. It is clear that human speech
perception is not so delicate. Our ability to separate sounds that emanate
from diflerent sources was studied in the 1950s, predominantly in the
context of selective attention (Miller and Heise, 1950; Cherry, 1953;
Broadbent, 1958), and now continues against a background of work on
auditory perceptual grouping (Bregman, 1978).

Bregman and his colleagues have investigated the principles by which
the auditory system organises or parses its input into “‘streams”, corre-
sponding to separate putative sources of sound. Just as in vision there are
grouping principles that determine, for example, figure and ground, so in
hearing there are principles that guide the auditory system in deciding
which of the frequency components present at a particular moment have
originated from a common sound source (for reviews see Bregman, 1978;
McAdams and Bregman, 1979).

Experiments of our own (Darwin, 1981) have examined the problem of
which of the formants present at a particular time are grouped together for
the purpose of phonetic categorisation. They extended earlier work
(Broadbent and Ladefoged, 1957) in demonstrating that formants whose
harmonics share a common fundamental were more likely to be grouped
together into a phonetic percept than formants whose harmonics were on
different fundamentals. They also showed that formants that started at
different times were, under some circumstances, less likely to be grouped
together than formants that started at the same time.

The experiments reported here look at what may be an earlier stage in
speech processing, the estimation of formant frequencies themselves. A
formant frequency is a resonant frequency of the vocal tract, appearing in
the spectrum of a speech sound as a peak in the spectral envelope. Figure
1 shows spectra of the first formant region of three vowels that differ in
their first formant (F1). They all have the same fundamental frequency
(125 Hz), so all the frequency components are integer multiples of 125 Hz.
The vertical lines represent the frequency components, while the dotted
line shows the spectral envelope. The peak in the envelope lies at the
formant frequency. At the top left of Figure 1 the spectrum is of a vowel
synthesised with a first formant of 375 Hz. Here the first formant fre-
quency coincides with the third harmonic. At top right is the spectrum of
a vowel with a first formant at 500 Hz, coinciding with the fourth
harmonic. Between them lies the spectrum of a vowel with a first formant
at 460 Hz. Now the formant peak does not coincide with a harmonic,
but lies between the third and the fourth. It is clear that a change in
formant frequency leads to a change in the relative levels of harmonics that
lie close to the formant in frequency. The first formant frequency is an
important determinant of the perceived phonetic quality or colour of a
vowel; but how is the first formant estimated from the intensities of the
individual harmonics? It is clear that the system does not simply take the
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Figure 1. Spectra of the first formant region of three vowels differing in the
frequency of their first formant. The two upper spectra are taken from the
end-point vowels of the basic continuum between /I and fe/ used in the two

experiments. The lower spectrum illustrates a vowel close to the phoneme
boundary.

formant frequency to be the frequency of the most intense harmonic;
rather, it appears to estimate the first formant frequency by, for example,
forming a weighted sum of the harmonic frequencies near the formant,
with the weights corresponding to the harmonics’ intensities (Karnickaya,
Mushnikov, Stepokurova and Zhukov, 1975; Carlson, Fant and Gran-
strom, 1975).

The spectra in Fig. 1 are for isolated vowel sounds. But if the vowel had
been produced against a background of other sounds, the spectrum would
have contained components from other sound sources. How is vowel
quality influenced by the presence of other sounds? What information does
the perceptual system use to separate those frequency components that
come from the vowel from those that are extraneous? The system may
group together frequency components that are harmonically related
(Broadbent and Ladefoged, 1957; Brokx and Nooteboom, 1982; Darwin, .
1981) or which change in frequency together (¢.f. McAdams and Bregman,
1979; McAdams, 1980), or which start and stop at different times (cf.
Bregman and Pinker, 1978; Dannenbring and Bregman, 1978).

The experiments described below follow up a recent finding (Darwin,
1983) that a harmonic that starts and stops at a different time from the rest
of a vowel makes a reduced contribution to the vowel colour. A difference
in onset and offset time of only 20 or 30 msec is sufficient to reduce the
contribution of a harmonic to the overall vowel colour. It is also sufficient
to make the tone sudible as a separate tone (cf. Rasch, 1978).
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In this paper we distinguish two types of explanation for the reduced
contribution of a leading harmonic to vowel colour: adaptation and
grouping. According to an adaptation explanation, processes sensitive to
energy at the frequency of the leading harmonic adapt during the time it
is present before the main vowel starts, so that at the onset of the main
vowel energy at the tone’s frequency makes a reduced contribution to the
overall timbre. Adaptation with a sufficiently rapid time course does in fact
occur in primary auditory neurone responses to tone bursts and speech
sounds (e.g. Delgutte, 1980; 1982) and is probably due to depletion of
neuro-transmitter in hair cells (Schwid and Geisler, 1982). Adaptation is
a possible explanation for at least some aspects of a variety of auditory
temporal phenomena (Zwicker, 1964; Cardozo, 1967; Neelen, 1967; Wil-
son, 1970; Lummis and Guttman, 1972; Viemeister, 1980; Viemeister and
Bacon, 1982; Summerfield, Foster, Gray and Haggard, 1981) and is an
attractively simple solution to the problem of grouping together sounds
that start at the same time.

By contrast, a grouping explanation {cf. Bregman, 1978; Bregman and
Pinker, 1978; Dannenbring and Bregman, 1978) allows perceptual mech-
anisms to separate the internal representation of the leading tone from the
other frequency components, by virtue of its different onset time. An
important difference between these explanations is that while a tone that
has been removed from a complex by perceptual grouping could be
reinstated by alternative groupings, one that has adapted could not.

Darwin (1983) attempted to distinguish between these two explanations
by comparing the effectiveness of onset and offset time differences. If a
harmonic that starts at the same time as vowel but stops at a different time
makes a reduced contribution to the vowel colour, it cannot do so by
adaptation. Some marginal evidence was obtained for an effect of offset
time, but the size of the effect was very small compared with that of
onset-time differences

A plausible reason for the minimal success of that experiment is that it
used relatively long vowels (320 msec). The subject could well have
decided on the phonetic category of the vowel before hearing the lagging
tone that followed it. The first experiment to be reported examines the
effect of leading and lagging tones on the phonetic quality of short
(50-msec) vowels and does indeed find a sizeable effect of tone offset. The
second experiment uses a different technique to reinforce the conclusion
that adaptation is not an adequate explanation for the changes in vowel
colour produced by a leading tone.

EXPERIMENT 1

We have already shown that a harmonic that starts and stops at different
times from the rest of a vowel makes less contribution to the vowel’s
quality than one that starts and stops at the same time. The effect could
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be due to adaptation. If it is entirely due to adaptation, then a tone that
starts at the same time as the vowel but continues after the vowel has
stopped should contribute just as much to the vowel as a tone that starts
and stops at the same time. On the other hand, the effect could be due to
perceptual grouping. Differences in onset and offset time could be used to
group frequency components differentially. Any effect of offset time could
be explained by grouping, but not by adaptation.

The previous experiment (Darwin, 1983) found only marginal evidence
for an effect of offsets, but it used rather long vowels. The present
experiment uses short vowels to give offsets a better chance of exerting an
influence.

Method

The technique used to estimate the phonetic quality of different sets of vowels was
to find the boundary between the vowels /1/ and /e/ along a continuum that differs
in first formant frequency. The boundary for the basic continuum is estimated and
compared with boundaries obtained from a variety of other continua that have been
derived from the basic one by adding extra energy to one of the harmonics. Adding
extra energy changes the vowel quality along the /I/—/e/ continuum. Let us refer
to each sound in the new continua as having the same nominal first formant
frequency as its parent sound in the original continuum. We can now measure the
change in vowel quality as a shift in the nominal first formant frequency at the
phoneme boundary. If the extra energy is made to start earlier than the main vowel,
the phoneme boundary moves back towards the original position. The position of
the phoneme boundary relative to its original value thus gives a measure of the
contribution that the extra energy is making to the vowel quality.

Stimult

The basic continuum had seven sounds, whose first formants differed in equal (Hz)
steps between 375 and 500 Hz. The vowels were synthesised on a constant
fundamental frequency of 125 Hz, so that the first formant fell between the third
and fourth harmonics. The first formant bandwidth was fixed at 70 Hz. The second
through fifth formants were fixed at 2300, 2900, 3800 and 4600 Hz. The vowels
were 56 msec long, including a 16-msec rise and fall time, so that the steady-state
was 24 msec (or 3 pitch pulses).

Nine more continua (each with seven members) were constructed from the basic
continuum by adding various 500-Hz tones to each member. Each 500-Hz tone had
twice the amplitude of the 500-Hz component of the vowel to which it was added.
Since this tone had the same phase as the original 500-Hz component, the new
vowel had 9.5dB more energy at 500 Hz than the original vowel. Schematic
waveform envelopes and spectra for a member of the original vowel continuum,
and the corresponding sound with extra energy starting and stopping 32-msec from
the vowel, are shown in Fig. 2.

The various continua differed in the duration and temporal alignment of the
added tone. In the simplest case, the additional tone had the same duration as the
vowel to which it was added and also started and stopped at the same time. In
other cases the tone started and/or stopped 32 or 240 msec from the vowel. All
nine possible combinations of three (0-, 32- and 240-msec) onset and offset times
were used. The spectra of the resulting vowels were checked to ensure that the
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Figure 2. Schematic waveform envelopes and line spectra for two of the condi-
tions in Experiment 1. The upper part of the figure shows one of the vowels from
the original continuum. The lower part of the figure shows the corresponding
vowel where extra energy has been added at 500 Hz. In the experiment, onset and
offset times for the tone were set independently to 0, 32 or 240 msecs.

phase relations between the additional tone and the vowel stayed constant to
produce the required increase in level.

Synthesis Technigues

The basic continuum of sounds was synthesised using a software serial-formant
speech synthesis program (Klatt, 1980b). The additional 500-Hz tones were
produced for each member of a continuum by filtering an appropriate vowel twice
through a 101 coefficient FIR filter, which attenuated harmonics other than 500 Hz
by at least 56 dB. The filtering introduced a time delay of 10 msec, so before adding
in the filtered tone the original vowel was also shifted by 10 msec.
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Procedure

Six subjects, who were research students and stafl of the university, were tested
individually in a sound-proof booth over Sennheiser HD-414 headphones. The
level of the lowest first formant member of the basic continuum was approximately
58 dB(A).

The sounds were produced on-line by the laboratory’s VAX 11/780 computer
(via an LPA-11K at a sampling frequency of 10 kHz, low-pass filtered at 4.5 kHz
and 48 dBjoct). Subjects responded on a conventional VDU keyboard with either
of the two identification responses (“‘I”” for /I/ and “E” for /e/). If they were not
sure of a sound’s category on first hearing, they could press “R” to repeat it.
Following each key-press, the appropriate next sound was played after a pause of
1 sec. The VDU screen gave information on allowed responses and the current trial
number, as well as castigating the use of other keys.

Each subject heard 10 successive random sequences of the 70 items (10
conditions x 7 continuum steps) and was free to take a rest at any time. The main
experiment was preceded by a demonstration of the basic continuum and the
continuum with the synchronous tone added (but without telling the subject that
a tone had been added), followed by a practice identification session using 10
successive random orderings of those two continua.

After the practice session subjects were told that they might now hear tones
mixed in with the vowels, but they were to ignore them and simply report the
vowel that they heard.

Results

The pooled identification functions for the six subjects and for six of the
nine continua are shown in Figures 3 and 4. They are expressed as the
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Figure 3. Identification functions for conditions in Experiment 1 with zero offset
time. The percentage of /I/ responses is plotted as a function of the nominal first
formant frequency. Different conditions have extra energy at S00 Hz starting at
different times but stopping at the same time as the vowel. The nominal first
formant frequency is the frequency used to synthesise the sound from the original
continuum, before extra energy was added.



200 C.]J. Darwin and N. S. Sutherland

100

. "9 tens offset (ms)
Q V \‘ A—A (o]
\ ‘\ AN
R V¥ 240
- N )
5 Ny @--@® original
e =N
£ o Q\ AN ONSET - O
H N -
: N
o N
Y
0\\"-9‘__\
0 J - e
400 450 500 F1
(H2)

Figure 4. As Figure 3, but plotting conditions in Experiment 1 with zero onset
time.

percentage of /I/ responses given to each sound, where each sound is
referred to by the first formant frequency of the sound from the basic
continuum from which it was derived. If additional energy made no
difference to vowel quality, the phoneme boundary would be at the same
nominal first formant frequency. In order to pool across subjects without
confounding between-subject variability in boundary position with the
slope of the individual identification functions, the curves of the individual
subjects were aligned around a common boundary before averaging. The
resulting curve was then plotted at the average boundary. The slope of
each plotted curve thus gives the average slope of the individual
identification functions.

The phoneme boundaries for each subject in each condition were found
by probit analysis, and the average phoneme boundaries are shown in
Figures 5 and 6 for all ten conditions. In Figure 5 they are plotted as a
function of onset time, with offset time as the parameter. In Figure 6 onset
time is the parameter.

The main findings are as follows. First, when the additional energy starts
and stops at the same time as the vowel, there is a clear shift in vowel
quality, so that the phoneme boundary moves to a lower nominal F1
frequency. Second, when the additional tone starts before the vowel or
stops after it, or does both, the original vowel quality is heard. A 32-msec
onset shifts the boundary significantly from the simultaneous condition
[1(5) = 6.1, p < 0.001] so that it is not significantly different from that of
the basic continuum. A 32-msec offset also shifts the boundary
significantly away from the simultaneous condition [£(5) = 3.03, p < 0.05],
although it is still different from the basic continuum’s boundary
[t(5) = 2.97, p < 0.05]. With a 240-msec offset, the original vowel colour
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Figure 5. Nominal first formant values at the /I/~/e/ phoneme boundary for vowel
sounds in Experiment 1. The horizontal line across the figure is the boundary for
the basic continuum. The remaining points denote the boundary for sounds that
have had extra energy added to their fourth harmonic (500 Hz). The formant values
are those used to synthesise the original continuum. The ordinate gives the number
of msec by which the extra tone precedes the vowel. The parameter is the number
of msec that the extra tone continues after the vowel. The values are means (and
standard errors) across 6 subjects.
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Figure 6. The same data as in Figure 3, plotted with the ordinate and parameter
dimensions reversed.
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is heard [1(5) = 1.34, p < 0.1] with a highly significant shift in boundary
from the simultaneous condition [1(5) = 5.79, p < 0.001]. The difference
between the 32-msec onset condition and the 32-msec offset just falls short
of significance [1(5) = 2.50, p < 0.055], but it is likely that this difference
could be established by increasing the number of subjects.

Discussion

The experiment replicates our previous finding (Darwin, 1983) that a tone
added to a vowel at one of its harmonic frequencies will contribute less to
the vowel’s quality when it starts before than when it is simultaneous with
the vowel. This effect could be due either to adaptation or to perceptual
grouping. The experiment also demonstrates an effect that cannot be due
to adaptation, namely, that a tone that stops at a different time from a vowel
contributes less to its quality than does one that is simultaneous. Although
this effect cannot be explained by adaptation, it can be explained by
perceptual grouping.

Although it is rather implausible, it could be the case that the effect of
onset is due entirely to adaptation, whereas the effect of offset is due to
perceptual grouping. The next experiment demonstrates that a substantial
part of the onset effect /s due to perceptual grouping but leaves open the
possibility that adaptation could contribute to the onset effect.

EXPERIMENT 2

The logic of the next experiment is as follows. A 500-Hz tone that starts
before a vowel makes a reduced contribution to its quality. This may be
because the leading part of the tone forms, with its continuation into the
vowel, a separate perceptual group. If so, it should be possible to weaken
the grouping between the leading part of the tone and its continuation by
introducing a new tone (say at 1 kHz, a harmonic frequency of the leading
tone) that starts at the same time as the leading tone, but stops as the vowe!
starts. The new tone might then form a perceptual group with the leading
part of the 500-Hz tone, preventing it from grouping with its continuation
into the vowel. The continuation would then form part of the vowel,
resulting in a vowel quality closer to that heard when the 500-Hz tone is
only present simultaneously with the vowel. A grouping explanation thus
predicts that the contribution to vowel quality from a 500-Hz tone that
starts before a vowel should be increased by introducing another tone that
is synchronous with the leading portion of the 500-Hz tone.

Peripheral adaptation is frequency specific and would not be influenced
by frequencies outside the critical band. Two-tone suppression effects
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(Houtgast, 1974) of a higher tone on a lower have a similar scope and are
negligible at the octave interval that we are using. Consequently, if the
effect of a leading tone is due to adaptation, adding another tone syn-
chronous with it but remote in frequency should not influence the vowel
quality.

Method

Stimuli

Three of the continua from the first experiment and two new continua were used.
Schematic narrow-band spectrograms for the five conditions are shown in Figure
7. The three continua from the previous experiment were (1) the basic continuum,
(2) the continuurn with extra energy at 500 Hz simultaneous with the vowel and
(3) the continuum with extra energy at 500 Hz starting 240 ms=c before the vowel
but stopping simultaneously with it. The two new continua were formed from (2)
and (3) by adding to them an extra tone at 1 kHz at the same level as the 500-Hz
leading tone, starting 240 msec before the vowel and stopping as the vowel started.
To ensure that the 1-kHz tone had the same onset characteristics as the 500-Hz
tone, it was produced in the same way, by filtering a vowe] similar to those used
previously (but with the second formant at 1 kHz in order to boost energy at that
frequency) through a FIR filter at 1 kHz. The tone had 16-msec rise and fall times,
and its fall occurred at the same time as the main vowel’s rise, so that the extra
tone had died away completely by the time the main vowel reached its steady-state
level. The levels and timing of the various components of the sounds were checked
by a digital spectrograph.

I 1000 Hz

m— — |

r T T

1000 Mz

r 500

o 240 298

ms ms 240 208
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Figure 7. Schematic narrow-band spectrograms of single members of four of the
stimulus conditions used in Experiment 2. In the top left-hand figure extra energy
(denoted by a thicker line) has been added to the 500-Hz harmonic. In the top
right-hand figure the additional energy starts before the vowel. In the two lower
figures a 1-kHz tone has been added.
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Procedure

Twelve paid subjects (students and staff of the university) who were not used to
listening to synthetic speech were tested individually. The procedure was the same
as in the first experiment, except that the total number of conditions in the main
part of the experiment was reduced to S, giving a total of 350 trials (5 con-
ditions x 7 continuum steps x 10 tokens).

Results

Individual phoneme boundaries were calculated by probit analysis for each
subject in each condition. The average boundaries across subjects are
shown in Figure. 8. The three conditions brought across from the first
experiment show similar results to that experiment. Adding energy at
500Hz synchronously with the original vowel shifts the boundary
[¢(11) =11.2, p <0.001], but making the additional S00-Hz tone start
240 msec earlier significantly shifts the boundary back rowards its original
position [£{11) =10.0, p <0.001], although not quite zo0 that position
[t(11) =291, p < 0.01].

F1(Hz) TONE
ONSET

480 / M9

=240 normal vowel

=0
>z 7
4601 Z
) o
a0 Z N
/ 500+500 1?58(0)6500
1

1
4207
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Figure 8. Mean (and their standard error) phoneme boundaries between /I/ and
fe/ expressed as nominal first formant frequency for 9 subjects in Experiment 2.
The boxed numbers refer to the conditions shown schematically in Figure 7.
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The crucial test is whether adding the 1-kHz tone to the condition with
the leading 500-Hz tone significantly shifted the boundary in the direction
of the condition with no leading 500-HZ tone. It did [t(11) = 5.54,
p < 0.001]. But adding it to the condition without the leading tone did not
(t = 0.4), and analysis of variance showed this interaction to be significant
[F(1,11) =997, p <0.01). However, adding the 1-kHz tone to the
condition with the leading 500-Hz tone did not completely eliminate the
effect of that tone, since the boundary was significantly different from its
position with neither tone present [1(11) = 7.00, p < 0.001]. In fact, the
boundary moved about a third of the way.

Discussion

The results of Experiment 2 clearly indicate that not all of the effect of a
tone onset on vowel quality, found here and in Experiment 1, can be
attributed to adaptation. At least half of the effect must be attributed to
more complex processes such as perceptual grouping.

A 1-kHz tone that starts before a vowel and stops just as the vowel starts
produces no change in the vowel’s quality as measured by the phoneme
boundary. But the 1-kHz tone does produce a change in vowel quality when
it starts at the same time as a 500-Hz tone that continues into the
vowel. The change in vowel quality is what would be expected if the two
tones preceding the vowel formed a separate perceptual group that ends
as the vowel starts, leaving the continuation of the 500-Hz tone into the
vowel to be perceived as part of the vowel. When the 500-Hz tone precedes
the vowel without the 1-kHz tone, although it continues into the vowel,
it is perceived as separate from the vowel. If the corresponding change in
vowel quality were due to adaptation around 500 Hz, it would not be
counteracted by the presence of another tone at 1 kHz.

GENERAL DISCUSSION

We have demonstrated that the contribution made to vowel quality by a
harmonic that starts at a different time from the others cannot be explained
in terms of a simple peripheral process such as adaptation. The extent to
which an individual harmonic contributes towards vowel colour depends
not only on whether it starts at the same time as other harmonics, but also
on whether it stops at the same time and on the extent to which it forms
a perceptual group with other sounds. It is clear, then, that even such an
early stage in speech perception as formant frequency estimation must (at
least sometimes) be preceded by processes that assign frequency com-
ponents to different apparent sources.

The dominant problem raised by our demonstrations is to determine the
type of knowledge that is used by the grouping processes. In the
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experiments described here we have concentrated on the simple physical
dimension of onset or offset time. It is 2 dimension that is undoubtedly of
general use in grouping together sounds from the same source. But our
demonstration introduces something of a paradox. If it is only harmonics
starting and stopping at the same time that can be grouped perceptually
to give a formant frequency, then virtually all natural speech would be
unintelligible. The reason is that natural speech consists of formants that
move rapidly in frequency; as a formant moves, it changes the amplitude
of the harmonics around it. So a rising formant will progressively amplify
higher harmonics and attenuate lower ones. The harmonics present at any
one time will have become audible at different times and will become
inaudible at different times, yet apparently we have no difficulty in hearing
the timbre of the formant. Similarly, it is clear from pilot experiments we
have made on vowels that have had a particular harmonic boosted by
varying amounts that we do not need to incorporate all the harmonics that
start at a particular time into a vowel’s colour. Some increase from the
“normal”’ level is interpreted as a change in formant frequency (as we have
exploited in these experiments), but at some point additional energy is no
longer incorporated into the vowel, and the immediate impression is then
of a vowel with an extra tone present. Quite what determines the limits of
this effect remains to be seen, but it may well refiect a property of speech
sounds rather than a property of sounds in general.

Our experiments show that onset and offset time can be used to separate
perceprually harmonics that do contribute to a vowel from those that do
not. But such times constitute neither necessary nor sufficient conditions
for grouping the harmonics of a single voice. Other principles must be used
to ensure that the rapidly modulated harmonics of normal speech are
grouped together, and that components occurring simultaneously by
accident can be rejected.
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